The cyanobacterium Synechocystis relies on iron to perform oxygenic photosynthesis. This makes Synechocystis particularly sensitive to iron starvation. A new study shows that the small RNA IsaR1 is a major effector of the iron-stress response, remodeling the photosynthetic apparatus.
Ferrous iron (Fe 2+ ) is essential for most organisms. It is located in the active site of several enzymes involved in major biological functions, such as respiration, DNA biosynthesis, the TCA cycle, gene regulation and photosynthesis [1] . within an optimal range, many organisms possess a robust homeostatic system.
In most bacteria, cellular iron homeostasis depends on the transcriptional regulator Fur (ferric uptake regulator), which controls the expression of about 100 genes [3] . During growth in iron-rich conditions, Fur forms a complex with Fe 2+ and binds DNA at the promoters of its targeted genes, efficiently repressing their transcription. Many of the Fur-repressed genes encode iron-uptake proteins, preventing excessive iron acquisition and toxicity [3] . However, when Fe 2+ is scarce, Fur becomes inactive and repression of targets is alleviated. In this condition, iron-uptake genes are expressed, which helps replenish intracellular Fe 2+ pool.
In enterobacteria such as Escherichia coli, Salmonella spp. or Klebsiella spp., Fur also regulates the expression of the small regulatory RNA (sRNA) RyhB, which is involved in the regulation of iron homeostasis. During growth under iron-starvation conditions, expression of RyhB results in the degradation of approximately 20 mRNAs, most of which encode non-essential iron-using proteins [4] . RyhB also stimulates translation of mRNAs encoding ironacquisition proteins [5, 6] . Through this dual action, RyhB enables rerouting of iron to essential proteins and increase of iron uptake [4, 7] . Studies in E. coli have provided an extensive view into the mechanism of iron homeostasis. However, these studies necessarily left out the investigation of a metabolic pathway exquisitely dependent on iron, the oxygenic photosynthesis. In a study published in this issue of Current Biology, Wolfgang Hess's team tackled this question and revealed one of the missing pieces required for the understanding of iron homeostasis in the cyanobacterium Synechocystis sp. PCC 6803 (hereafter referred to as Synechocystis) by identifying the role of a small regulatory RNA, IsaR1 (iron-stress activated RNA 1) [8] .
In this new study, the authors demonstrated that IsaR1 is directly responsible for coordinating repression of at least 15 genes during iron starvation, leading to remodeling of the photosynthetic apparatus. These IsaR1-mediated modifications first induce a decrease in the synthesis of lightabsorbing pigment. This is followed by a decrease in amount and functionality of both photosystem I (PSI) and photosystem II (PSII). Finally, the number of cytochrome complexes also drops. IsaR1-mediated remodelling of the photosynthetic apparatus happens through direct regulation of the system's components or by slowing iron-sulphur cluster assembly dependent on the SUF system, partly encoded by the suf operon (sufBCDS; Figure 1) .
Photosynthetic organisms require a massive intracellular Fe 2+ pool to function properly. As a matter of fact, Synechocystis is remarkably packed with iron at an intracellular Fe 2+ concentration 10-fold higher than the model bacterium E. coli [9, 10] . A great proportion of this iron is located in the photosynthetic apparatus, with up to 25% of total cellular iron sequestered by PSI alone [10] . Indeed, one monomer of PSI contains three [4Fe-4S] clusters, cytochrome b 6 f contains four haem and one [2Fe-2S] cluster, one subunit of PSII harbors three haem and one non-haem iron atom and cytochrome C 6 requires one haem. The photosynthesis system, which constitutes the electron transport chain, concludes with the final electron acceptor ferredoxin 1 containing one [2Fe-2S] cluster [11] . This information excludes iron atoms located in pigments and other cofactors essential to the photosynthetic apparatus. Therefore, proper incorporation of iron in haem or ferredoxin and biogenesis of Fe-S clusters are key factors of photosynthesis efficiency. Biogenesis of Fe-S clusters is well understood in E. coli. In this organism, the ISC system (encoded by the iscRSUA transcript) is responsible for housekeeping Fe-S cluster assembly [12] . Under low-iron conditions, however, the sRNA RyhB targets this transcript for degradation [13] . Moreover, in these conditions, Fur-mediated repression of the SUF Fe-S system is alleviated and takes over the biogenesis of Fe-S cluster assembly. In cyanobacteria, both systems are also present, although their importance is reversed as the SUF system is the predominant pathway for Fe-S cluster assembly [12, 14] . Transcriptional regulation of the cyanobacterial SUF system is mediated by SufR, which represses sufBCDS in iron-sufficient conditions [15] . De-repression occurs The sRNA IsaR1 regulates the photosynthetic apparatus from three different angles during low-iron growth. First, IsaR1 downregulates genes involved in the tetrapyrrole biosynthesis chain, affecting chlorophyll and haem synthesis. Second, it directly represses mRNAs encoding cytochrome b 6 f and cytochrome C 6 components, in addition to negatively targeting the ferredoxin mRNA encoding the final electron acceptor. These modifications cause a dramatic decrease in photosynthetic electron transport. Third, IsaR1 downregulates translation of mRNAs involved in the iron-sulphur cluster assembly pathway, specifically the sufBCDS mRNA. As Fe-S clusters are cofactors in many proteins of the photosynthetic apparatus, reducing assembly rate for Fe-S clusters negatively affects functionality of this metabolic pathway. Expression of IsaR1 also results in accumulation of an sRNA of unknown function, SufZ.
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Dispatches when iron is scarce, which should lead to robust expression of sufBCDS. However, a recent report by Vuorijoki et al. noted that, in a DsufR strain, a significant decrease of SufBCDS complex could be observed during growth in low iron conditions compared to growth in ironrich media [16] . The authors speculated that a SufR-independent low iron-induced regulator was repressing sufBCDS in iron scarce conditions. Now, in the new study, characterization of IsaR1 targetome by Georg et al. filled this gap in the understanding of the SUF system regulation [8] . Interestingly, the outcome of IsaR1 regulation of sufBCDS is highly reminiscent of the regulation of iscRSUA by RyhB in E. coli. In E. coli growing under low-iron conditions, RyhB pairing to the 5' region of icsS mRNA leads to accumulation of iscR, encoded just upstream of iscS [13] . Apo-IscR then acts as a positive transcriptional regulator of the second Fe-S cluster assembly system SUF [17] . Similarly, in Synechocystis the pairing of IsaR1 to the translation initiation site of sufB leads to the accumulation of a short RNA fragment named sufZ that is encoded immediately upstream of sufB. Hess's team suggests that sufZ might be a non-coding regulatory RNA expressed under low-iron conditions. Investigation of the role of SufZ is still required, but it would be interesting to determine if SufZ acts similarly to IscR by regulating genes in the Fe-S cluster assembly pathway. Indeed, investigation of its targetome could bring to light another key player of the iron stress response.
It is now clear that despite the absence of sequence homology between Synechocystis IsaR1 and E. coli RyhB, both sRNAs are functional homologs. First, expression of both IsaR1 and RyhB depends on Fur; hence, their production is induced when iron is scarce. Second, IsaR1 and RyhB are highly conserved in their respective closely related species [8, 18] , suggesting an essential RNAbased system to respond to iron bioavailability. Then, their mechanisms of action are also similar, as they base-pair to their mRNA targets to achieve posttranscriptional regulation. Even more so, they share common targets such as sodB or acnB [8, 19] , all in all regulating similar metabolic pathways. Since IsaR1 and RyhB sequences are so different, the idea of a parallel evolution of these ironresponse regulators and their targets is not far-fetched.
Adaptation to variable concentration of iron in the extracellular medium has been extensively studied in various prokaryotic models. Indeed, most bacteria require steady intracellular iron concentration for optimal growth. In E. coli, RyhB is a major effector of the iron stress response, regulating a pool of genes in favor of iron import and limiting non-essential iron usage. In Synechocystis the sRNA IsaR1 has similar functions to E. coli's RyhB. Its characterization by Hess's team has brought to light an important piece of the iron-stress response puzzle [8] .
The report by Georg et al. brings a fresh view on iron regulation in cyanobacteria. Still, many questions persist [8] . First, it is obvious that IsaR1 is required for optimal fitness of the bacterium during low-iron growth. However, is IsaR1 essential to Synechocystis to perform photosynthesis in prolonged iron starvation conditions? We wonder if the inability of a DisaR1 strain to reduce photosynthetic protein levels during iron starvation would cause lethal accumulation of electrons in the photosynthesis apparatus. Moreover, stronger depigmentation observed in a DisaR1 strain points to active degradation of pigments, a possible sign of entry in survival mode [20] . It would be very interesting to investigate how bacterial cells globally adapt to an isaR1 deletion at both the molecular and phenotypical levels.
The impressive accumulation of SufZ in iron-depleted conditions also bring interrogations to mind as it suggests a function for this putative sRNA during iron starvation. However, no function has been attributed yet to SufZ, nor have its targets been identified. To fully understand how Synechocystis adapts to low-iron growth, it will be essential to further investigate mechanisms leading to sufZ expression and unveil the roles of SufZ in bacterial fitness during irondeprived growth.
